Five classical designations of sickle haplotypes are based on the presence/absence of 2 restriction sites and named after ethnic groups or geographic regions from which patients 3 originated. Each haplotype is thought to represent an independent occurrence of the sickle 4 mutation. We investigated the origins of the sickle mutation using whole genome sequence data. 5
INTRODUCTION 1
Several hereditary variants in the hemoglobin genes afford protection against malaria. Many 2 such variants are thought to have evolved in the last 10,000 years. 1; 2 In particular, the sickle 3 allele β S in the beta globin gene HBB is a polymorphism under balancing selection due to 4 recessive lethality and heterozygote advantage. The chromosomal background of the β S allele 5 has been classified based on the presence or absence of a set of seven canonical restriction sites, 6 5' ε HincII -Gγ1 HindIII -Aγ1 HindIIIψ β HincII -3' ψ β HincIIβ AvaII -3' β BamHI,
Whether the β S allele has a recent or old origin has been debated since the development of 1 1 restriction fragment length polymorphism data. 10; 11 According to the multicentric model, the 1 2 origin of the β S allele is recent, within the last few thousand years, and each haplotype represents rs334 and pairwise 2 0.2 r ≥ with rs334. All data were processed using VCFtools version 1 s + , and 1, respectively 2 . Then, at equilibrium, 1 2 p s p = − . For each of the five continental 3 African samples in the 1000 Genomes Project Phase 3 release version 5a, we estimated the 4 effective population size e N based on the heterozygosities of all single nucleotide 5 polymorphisms (i.e., diallelic, triallelic, and quadrallelic), assuming a mutation rate of 8 0.97 10 − × 6 mutations/site/generation. 33 We then took the harmonic mean of the five e N estimates. We 7 simulated 1,000 generations under a combination of random genetic drift and balancing 8 selection, assuming one initial copy of the mutant allele. We repeated this process 1,000 times. We used SplitsTree version 4.13.1 to perform split decomposition analysis of haplotypes. 34 1 2 1 3
Inferring the ancestral recombination graph 1 4
We used ARGweaver to infer the ancestral recombination graph. 35 ARGweaver is based on 1 5 the standard coalescent model and is sensitive to balancing selection, such that regions under 1 6
balancing selection have older times to the most recent common ancestor than comparable 1 7 neutral regions. We set the effective population size to the value described in the Balancing E1b1a1a1f and 23 were E1b1a1a1g.
8
In the African Genome Variation Project, we identified 14 sickle carriers in the Baganda and 1 9
1 sickle carrier in the Zulu. We predicted that all 15 of these individuals carried the Central 2 0
African Republic/Bantu haplotype ( all with insufficient information to predict the haplotypes. New classification of haplotypes based on linkage disequilibrium 1 We defined haplotypes centered on rs334 in the 504 continental Africans from the 1000 2 Genomes Project. First, we extracted 18,402 sites within 500 kb of rs334 with any non-reference 3 allele count of 1. Then, we recorded pairwise LD for phased, diallelic sites (Table S1 ). The 4 largest value of 2 r with rs334 was 0.407 and there were 27 sites with 2 0.2 r ≥ . Based on rs334 5 and these 27 sites, we observed 62 haplotypes, of which 18 carried the sickle allele at rs334; a 6 19 th sickle haplotype was observed once in the ACB sample and a 20 th sickle haplotype was 7 observed once in the Baganda (Table 3 ). The most common haplotype carried the ancestral allele 8 at all 28 sites and accounted for 68.5% of all haplotypes. Thirteen of the sickle haplotypes in the 9 Baganda, the one in the Zulu, and all four in the Qatari were identical to HAP1, the haplotype 1 0 most commonly designated Central African Republic/Bantu (Table 3) . Additionally, the African Republic/Bantu, Benin, and Senegal designations, respectively. histones as promoters or enhancers and three sites bound by proteins. In addition, rs1039215 is 2 2 correlated with gene expression, most strongly with HBG2 (Table S3 ). HAP1 (correlated with repeated the simulation assuming 0 s = . We found that the mutant allele was lost after an 1 7 average of 12 generations (95% confidence interval [ ] 1,92 ), with a median of 2 generations. Phylogenetic network analysis 2 0
We used split decomposition analysis to infer the phylogeny of the 20 sickle haplotypes, 2 1 rooted by the ancestral haplotype ( Figure 1) . The network revealed that the sickle mutation 2 2 occurred once in the background of the ancestral haplotype and gave rise to HAP1, associated 1 1 predominantly with the Central African Republic/Bantu designation. Two clusters were derived 1 from this haplotype. One cluster contained HAP6, HAP9, HAP19, and HAP20, all associated 2 with the Senegal designation. The other cluster contained haplotypes associated with both the 3 Benin and Senegal designations. (assuming recessive lethality). The simulations of balancing selection also indicated that it took 1 4 ~2,400 years for equilibrium to be reached. This time provides a lower bound on the age of the 1 5 sickle mutation, since we do not know how long the equilibrium state has been maintained.
6
The Bantu Expansion started ~5,000 years ago. 46 Our results imply that the sickle allele arose E1b1a1a1f and E1b1a1a1g, defined by L485 and U175 respectively, arose between 8,100 and 2 0 11,000 years before present. Our estimated age of the sickle mutation of ~7,300 years is 2 1 consistent with a population in which these two sibling haplogroups co-circulated. Furthermore, 2 2 our results place the origin of the sickle mutation in the middle of the Holocene Wet Phase or Hum. Genet. 39, 239-244.
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